Introduction
It is now generally accepted that the seismic discontinuity at 660 km depth in the mantle [Shearer, 1991; Shearer and Masters, 1992] The three-dimensional numerical results therefore suggest that the penetration of the phase change is significantly determined by the geometry of the cold descending currents or slabs. In this paper we explore this suggestion with a simple analytic theory. The theory examines the ponding of cold downflows at an endothermic phase boundary, and the conditions by which these ponds can eventually break through the boundary. We seek to gain basic insight into how slab or downflow geometry controls the penetration of the phase transition; in particular, we address the question of why, in the three-dimensional models, cold material pours through the phase change in cylindrical forms, while downwelling sheets do not penetrate the phase change at all.
Theory
When a cold viscous downwelling impinges on an endothermic phase-change interface, we assume it first pools, or spreads laterally as a viscous gravity current. This is shown to occur in numerical models of isoviscous convection, though the theory to follow is most applicable if the downwelling is of much higher viscosity than the overlying mantle (and is thus more consistent with slab-mantle viscosity contrasts). The downward force this current exerts on the interface is simply its weight excess (relative to its surroundings). If the interface is an endothermic phase change, it will be deflected downward by the cold temperature anomaly of the slab material; the negative hydrostatic head due to this deflection exerts an upward force on the pooling slab material. By comparing the downward force of the cold spreading gravity current to the upward force of the deflected boundary, we can derive a necessary condition for the downflow to penetrate an endothermic phase change. Once the downward force of the gravity current exceeds the upward force of the boundary deflection, penetration can occur. However, this is only a necessary condition for penetration and does not imply that penetration will immediately proceed. Initiation of penetration depends on several other processes, e.g., the viscous resistance of the lower layer, and diffusion of the downwelling's temperature anomaly. In the following analysis we examine this necessary condition for two-dimensional and cylindrically symmetric downflows to provide insight into how the geometry of a descending current influences its ability to penetrate the phase boundary.
The horizontally averaged downward force per unit area of a gravity current of thickness h on a phase-change interface is po•ATgh where p is the upper mantle density, T-AT is the temperature of the current (T being the ambient mantle temperature), c• is thermal expansivity, g is gravity and the over-bar indicates a horizontally averaged quantity (see Figure 1) 
For a planar downwelling, the ratio Fa? depends on time and is thus bound to exceed unity for t sufficiently large. The required time allows the gravity current to inflate vertically until it has sufficient weight to penetrate the phase boundary. For the columnar downwelling, the spreading gravity current does not inflate similarly since its lateral growth exactly balances the injection of fluid at its center. The ratio Fac is therefore independent of time and hence either exceeds unity at all times, or never exceeds unity.
Several strengths and limitations of the model are worth enumerating. The gravity-current similarity theory employed here [Huppert, 1982] is most accurate if the current is thin and/or the upper surface of the current is essentially free-slip. Though we cannot assume the former criterion, the latter one is valid for a current whose viscosity is much higher than that of the overlying medium, as in this paper's model. However, the underlying boundary (e.g., the phase-change interface) is assumed rigid, which is perhaps less appropriate for applications to the Earth since the lower mantle is not likely to be much more viscous than a slab. Even so, the major drag on the spreading slab is likely to come from the lower mantle; thus, short of rigorously solving for lower-mantle flow (which is unwarranted in this simple theory), use of a rigid boundary is more appropriate than a free-slip one. Allowance for a mobile lower layer would cause the gravity current to spread faster, leading to a smaller •. at a given time; some simple analysis, however, suggests that the dependence of FR on time is unlikely to change significantly. The gravity-current similarity theory also does not account for deflection of the lower boundary. The theory is thus most applicable if h > 5 (or hpg/(vAT) > 1) which is valid for typical mantle parameters (see the "Applications" section below for parameter values). The similarity theory also assumes that fluid is injected at a constant volumetric flow rate from an infinitesimally thin source (e.g., a zero-thickness downwelling). Finally, thermal diffusion of the downflow's temperature anomaly is neglected. The decrease in AT with time causes two competing effects. First, it reduces the relative density of the gravity current, compelling it to spread more slowly. Second, the decrease in viscosity due to warming of the gravity current induces the spreading rate to increase. Given the typical temperature-dependent viscosities of silicates, the latter effect is probably more influential. Even with these considerations, the typical dif- where t is in years. Thus, Fac is likely to just exceed unity, given that q• is ) 3; the downward force of the cylindrical downflow can thus overcome the upward force of the deflected phase boundary as soon as the cylindrical downflow impinges on the boundary. Alternatively, will only exceed unity for t > 8 Ma. A planar slab will be necessarily delayed at the phase boundary at least ten million years. It should be emphasized that this is only the time necessary for a force balance favorable to penetetration to be attained. The actual initiation of penetration depends on other processes such as viscous resistance from the lower mantle, and thermal diffusion of the downfiow's temperature anomaly; penetration is thus likely to occur well after Fa exceeds unity. With all its intrinsic simplifications, the above analysis merely suggests that columnar downwellings can begin to initiate penetration upon contact with the phase boundary; whether actual penetration thenceforth proceeds is not predicted. In contrast, the planar downflow will be delayed some finite amount of time before it has even deposited enough weight on the boundary to initiate penetration.
Relevance to Convection Models and Subducting Slabs
The above theory implies that the cylindrical structures at the intersections of a downwelling network in three-dimensional convection models will penetrate into the lower layer first and begin to funnel off downwelling fluid from the adjacent downwelling sheets. Once this occurs, the volume flux q into the two-dimensional gravity currents will diminish, causing an even longer-if not indefinite-delay time. In other words, cylindrical penetrations into the lower layer sap off fluid from the planar downflows thereby inhibiting them from descending into the lower layer. This effectively explains the observation from numericM mddels that only C•Yhndric&l downwellings penetrate the endothermic phase boundary.
The theory of this paper might also provide insights into the apparent differences in the penetrability of the 660 km transition by descending slabs. The basic prediction of the analytic model presented here, as well as the three-dimensional numerical models, is that cylindrical-like downflows are the preferred sites of phase change penetration. These models arel of course, •reatly' siniplified and do not incorporate some very important aspects of slab dynamics, perhaps most importantly the effects of oblique subduction (e.g., Kincaid and Olson, 1987). However, if applicable to the Earth, they predict relatively easier penetration of the 660 km transition by strongly curved slabs (e.g., the slab connected to South Sandwich trench), or by slab material associated with the intersection of two or more trenches (e.g., the triple junction of the Izu-Bonin, Japan and Ryuku-Nansai trenches, and the junction of the Aleutian and Kurile trenches). The test of this prediction, however, necessarily awaits future seismic studies.
